Second order optical nonlinearities were induced in commercial phosphate glasses (Schott, IOG-1) by the thermal poling technique. The induced χ (2) was measured via second harmonic generation using a fundamental beam from a 1064 nm mode-locked Nd:YAG laser. The nonlinear regions were characterized using the Maker-Fringe technique, in which the second harmonic signals were observed as a function of incident angle of the fundamental beam. The results show that the χ (2) profile has contributions from two distinct regions: a near-anodic surface region and a bulk. We have modeled the induced profile to fit our experimental results. The dependence of the induced nonlinearity on applied poling fields, temperatures and poling time is discussed.
INTRODUCTION
The integration of all-optical devices onto one single substrate is becoming an area of intense research. Glasses are suitable substrates due to their good optical quality, low loss and flexible choice of compositions. An example of such a device is the integrated frequency-doubled waveguide laser shown in Fig. 1 . In this device a glass waveguide in a rareearth doped glass substrate is combined with Bragg gratings, serving as cavity mirrors, and a χ (2) grating to double the frequency of the fundamental beam. We have chosen phosphate glasses as our host material because they can incorporate large concentration of rare earth ions to work as a laser or an amplifier. In particular, IOG-1, a phosphate glass developed by Schott Glass Technologies for integrated optics applications, is a suitable substrate material, since waveguides can be fabricated in it using the ion-exchange technique [1] [2] [3] . Bragg gratings can be implemented by the UV writing technique. A segment with a second-order optical nonlinearity (χ (2) ), necessary for frequency doubling and electro-optic modulation, is desired in order to fully exploit the potential use of phosphate glass-based optical waveguide devices. However, due to their inversion symmetry, glasses do not exhibit second order optical nonlinear effects. Nevertheless, Myers et al. 4 found that a thin layer of χ (2) could be induced in fused silica by electric field poling (3-5 kV) at elevated temperatures (250-325 °C), the so-called thermal poling technique. Since then it has been shown that thermal poling can be used to induce a χ (2) in a wide variety of glass compositions [4] [5] [6] [7] , but so far no poling studies have been reported for IOG-1. Here we present the results of our poling experiments on phosphate glasses. We find that a χ (2) can be induced in IOG-1 glasses. We report on its dependence on poling field, poling temperature and poling time and describe procedures to obtain the nonlinear profile. . The 1 mm-thick samples were coated with Al in an evaporator. The Al-coated samples were placed in between stainless steel electrodes inside an oven. DC fields were applied across the samples while heating the samples to certain poling temperatures for certain poling times. Poling temperatures ranging from 100 to 250 ° C and poling times ranging from 20 to 60 minutes were investigated. Once the samples were cooled down to room temperature, the bias fields were removed. Then the Al coating was removed by etching the samples in diluted HCL solution before second harmonic generation (SHG) measurements.
Characterization of the nonlinear region
The induced SH signals were measured using a 1064 nm mode-locked Nd: YAG laser (100 ps pulse width, 76 MHz repetition rate, 20 W average power) as a fundamental beam. The induced nonlinear regions can be deduced via the Maker fringe technique 8 by observing the oscillation of the SH signals as a function of incident angle. The detailed set up is shown in Figure 2 . The fundamental beam was focused through a 10-cm focal length lens into the poled sample, which was placed on a motorized rotational stage. A half-wave plate selected an appropriate polarization for the fundamental beam. The SH signals from the sample were separated from the fundamental beam using a harmonic beamsplitter and were sent through a short pass filter and a narrow bandwidth 532 nm pass filter to a photomultiplier tube. A LabView program controlled the rotation stage and obtained the SH signals from a lock-in amplifier. 
RESULTS
Fig . 3 shows the Maker fringe pattern of an IOG-1 sample, poled at 1 kV and 150 °C for 40 minutes. The signal at room temperature does not decay with time at present as indicated in the two consecutive measurements (run B is 4 months after run A). The fringe pattern shows a rapid oscillation over a slow modulation. It should be pointed out that similar kind of fringe pattern has been observed for other poled glasses [9] [10] [11] [12] [13] . The maximum SH signal, is about 10 -6 of that α-quartz for the same intensity of the fundamental beam. For the α-quartz measurement, the sample orientation is (010) 14 . We also investigated the effect of poling temperature and time on the induced SH signal. Table 1 summarizes the results for samples poled at 1 kV. The rapid oscillation feature is present at any poling temperature and time while the slow modulation feature appears and becomes more dominant at higher temperatures and longer poling times. The overall SH signals, shown in Table 1 in arbitrary units relative to the result at 150 C and 40 minutes, increase as poling temperature and time increase. The dependence on applied field at fixed temperatures and poling times is shown in Fig. 4 . With a higher applied voltage, the slow modulation increases relative to the rapid oscillation feature as can be seen when comparing the adjusted signals of 1kV (multiplied by 4) to the signal of 2 kV applied voltages. An overshoot current observed at a higher voltage during the poling process limits experiments at higher applied voltages. This is due to a high concentration of mobile Na + ions in IOG-1 samples. In order to determine the thermal stability of the induced χ (2) , poled samples were subjected to heat treatment in the absence of the applied field. Typical results are shown in Fig. 5 for samples poled with 1 kV applied field, at 150 °C for 40 minutes. A significant drop in signal is observed for treatment temperatures above 200 °C. The slow modulation feature disappeared at 400 °C, whereas the rapid oscillation feature, although reduced in magnitude, still remained. 
DISCUSSIONS
The Maker fringe patterns that we observe for poled IOG-1 samples contain information about the spatial profile of the induced second-order nonlinearity. In general 15 , the SH signal depends on the nonlinear coefficient and the length of the nonlinear region as shown in expression (1)
where I 2ω and I ω are SH and fundamental intensity respectively, d is equal to χ (2) /2, l is sample length along propagation direction, l c is a coherence length of the interaction between the SH and fundamental beam and is equal to 4π(n 2ω -n ω )/λ ω . In the Maker fringe experiment, rotation of the sample effectively varies the length along propagation direction. The nonlinear profile can in principle be derived from the fringe magnitude and its oscillation pattern.
For p-polarization , as shown in the inset of Fig. 2 , and assuming d 33 = 3d 31 , since poled glasses belong to C ∞ν point group symmetry, equation (1) can be written as
where d 33 (Z) is the nonlinear coefficient along poling direction Z, L is the sample thickness,θ i is internal incident angle, l c is equal to 24.1818 µm for the IOG-1.
According to the theoretical expression (2), two possible d 33 (Z) profiles can explain the rapid oscillation superimposed on the slow modulation in Maker fringes results. Schematic diagrams of these profiles are shown in Fig. 6 . One has an anodic surface and a bulk layer. The other has only two surface layers on both electrode surfaces. The surface here refers to the length that is less than or comparable to the coherence length of the sample. In order to select the most likely profile for further computer simulation of our experimental results, grinding experiments were carried out on our poled samples. For these experiments samples were poled at the same condition as the sample showed in Fig.3 . After poling the induced SH Maker fringe pattern was measured. Then one of the two surfaces was polished using an optical fiber polishing paper and after grinding the Maker fringe pattern was measured again. For samples with an induced χ (2) according to profile A are expected to only show a rapid oscillation after anodic grinding and an unchanged fringe pattern after cathodic grinding. Samples with profile B are expected to only show a slow modulation after either anodic or cathodic grinding. The experimental results, shown in Fig. 7 , were in favor of profile A. For profile A, the surface contribution corresponds to the slow modulation and the bulk contribution relates to the rapid oscillation appearing in the fringe pattern. From the magnitude of the observed SH signal relative to that of α-quartz we can estimate the nonlinear coefficient to be 0.006 pm/V.
Anode
In order to understand how thermal poling leads to the induced χ (2) profile shown in Fig. 8 , it is necessary to develop a model that accounts for the microscopic processes that take place during poling . It has been proposed [16] [17] [18] [19] that the surface effect is due to a frozen-in DC field, which is the result of charge separation near the anode in the thermal poling process. This E dc, surf interacts with χ (3) of the glass, giving rise to the induced χ
surf. However, the origin of the bulk effect is still unclear. It is possible that either there is existence of the induced E dc, bulk due to charge redistribution after the poling process [20] [21] or small dipoles/defects are oriented during the process. It can also be combination of both. Our heat treatment experiments after poling show that the surface χ (2) disappears more rapidly with temperature than the bulk contribution, which could indicate that the surface and bulk nonlinearities have different origins. We are currently carrying out more systematic simulations of our experimental results in terms of the induced χ (2) profiles. This will yield quantitative information about the surface and bulk nonlinearities as a function of poling voltage, temperature and time. Microscopic models consistent with the observed trends are being developed.
CONCLUSIONS
We have induced a χ (2) in IOG-1 phosphate glasses via thermal poling. The induced nonlinear regions consist of a surface contribution near the anode and a contribution from the bulk. From our theoretical simulation, the surface layer is around 20 micron while the bulk layer extended throughout the sample thickness of 1 mm. Furthermore, the surface d coefficient is larger in magnitude than the bulk coefficient. The contribution of the surface effect as well as the overall SH signals increase as a function of poling voltage, temperature and time. 
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